Introduction
Oxidation is an essential reaction in all living organisms. During the oxidative metabolic process, radicals (often referred to as free radicals) and reactive oxygen species are formed. Free radicals are atoms, molecules, or ions with unpaired electrons or an open-shell configuration, such as superoxide anion, and hydroxyl (•OH) [36, 38] . Under normal conditions, free radicals are effectively eliminated by the antioxidant defense system. However, when organisms age, their antioxidant defense systems weaken and the balance between the generation and elimination of free radicals is broken [29] . Excess free radicals can lead to cell injury and even cell death, which may result in diseases such as cancer, cardiovascular disease, diabetes mellitus, neurological disorders, and Alzheimer's disease [4, 15] . Thus, it is important for organisms to inhibit the excessive formation of free radicals.
Antioxidants are chemical compounds that can donate electrons or hydrogen atoms to the free radical to create a complex, protecting the human body from free-radical damage and retarding the progress of many diseases [14] . Generally, antioxidants such as butylated hydroxytoluene and butylated hydroxyanisole are used for radical scavenging in biological systems. However, as synthetic chemicals, these antioxidants pose potential risks to human health and their use as food additives is restricted [18] . Therefore, over many years, the demand for safe and naturally occurring alternatives to synthetic antioxidants has grown steadily. In recent years, the antioxidant activity of bioactive peptides generated from animal and plant proteins has attracted substantial attention. For example, peptides obtained from the digestion of proteins in animal products such as cod [11] , eggs [22] , dry-cured ham [9] , and duck meat hydrolysates [34] have been found to possess antioxidant activity. In addition, plant proteins have also been demonstrated to be a good source of antioxidants; for instance, active peptides from walnuts [4] , pulses [23] , and corn gluten meal [39] have been assessed for their antioxidant capacities.
Functional peptides can be produced from enzymatic hydrolysis of various bioresource proteins [20] . Spirulina is a photosynthetic, helicoidal, filamentous, and multicellular blue green algae that contains 60-70% high-quality proteins by weight, essential amino acids, vitamins, essential fatty acids, provitamin A (β-carotene), and other nutritional components [19, 28] . Spirulina exhibits a wide range of biological activities and health care functions, which include anti-inflammatory [26] , immune-enhancing [31] , antivirus [1] , fatty-liver-preventing [33] , cardioprotective [16] , and anticancer properties [17] . In addition, Spirulina is known for its antioxidant potential, which has been demonstrated in both in vitro and in vivo studies [5, 19, 32, 35] .
The antioxidant activity of peptides is closely related to their amino acid composition, structure, and sequences [27] . In this study, Spirulina platensis was hydrolyzed by protein K to improve its quality and antioxidant properties. The antioxidant effects were then evaluated by assessing the capacity for scavenging 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radicals. Ultrafiltration, gel filtration chromatography, and reversed-phase high-performance liquid chromatography (RP-HPLC) were used to purify the antioxidant peptides, and RP-HPLC-electrospray ionization tandem mass spectrometry (RP-HPLC-ESI-MS) was used to identify the sequence of the peptide with the highest antioxidative activity. Moreover, the peptide was synthesized according to the obtained amino acid sequences to confirm their antioxidant activities.
Materials and Methods

Materials and Preparation of S. platensis Hydrolysates
Spray-dried, powdered S. platensis was obtained from Shengbada Biotech Co., Ltd. (China). Protease K was purchased from Xinyu Biotech Co., Ltd (China). DPPH and reduced glutathione (GSH) were purchased from Sigma-Aldrich (USA). Acetonitrile, trifluoroacetic acid (TFA), and methanol were HPLC-grade and purchased from Fisher Scientific (USA). All other chemicals and reagents, unless otherwise specified, were of analytical grade.
Spirulina platensis was mixed with deionized water (1:8 (w/v)), which was adjusted to pH 8.5 by adding 0.1 M NaOH. Protease K (700 U/g) was then added to hydrolyze the S. platensis for 3 h at 55°C. Subsequently, the hydrolysates were heated in a boiling water bath at 100°C for 10 min to inactive enzyme activity. They were then centrifuged at 10,000 ×g for 10 min at 4°C, and the supernatants were lyophilized and stored at -20°C.
DPPH Radical Scavenging Assay DPPH free-radical scavenging activity was measured according to the method described by Chen et al. [4] with some modifications. Fresh DPPH solutions containing 0.1 mM DPPH in 95% alcohol were prepared daily. The mixture, which comprised 100 µl samples with 100 µl of DPPH solution in a 96-well plate, was agitated and incubated for 30 min in the dark at room temperature. The absorbance was measured by using a Synergy HT microplate reader (BioTek Instruments, Inc., Winooski, USA) at 517 nm (A S ). Ethanol was used as the blank (A b ), whereas distilled water was used as the control (A C ). The DPPH radical scavenging activity was calculated according to the following equation:
, where A b is the absorbance of the blank, A S is the absorbance of the sample solution, and A c is the absorbance of the control.
Preliminary Extraction of Peptides by Ultrafiltration
Spirulina platensis hydrolysate (SH) was ultrafiltered through a membrane with a molecular weight (MW) cut-off of 3 kDa. SH was primarily categorized into two fractions: retentate (i.e., fraction SHR, MW > 3 kDa) and permeate (ultrafiltrate, fraction SHP, MW < 3 kDa). Spirulina platensis, SH, and SHP were dissolved respectively in distilled water to a concentration of 10 mg/ml for the DPPH radical scavenging test.
Lyophilized SHP was dissolved in distilled water at 0.05-20 mg/ml for study of DPPH radical scavenging activity.
Gel Filtration Chromatography
The fraction with the highest antioxidant activity after ultrafiltration separation was separated by gel filtration chromatography on a Superdex Peptide HR 10/30 gel filtration column furnished with an AKTA purifier system (GE Healthcare, UK). It was then eluted with 0.1 M phosphate (pH 7.0) at a flow rate of 0.5 ml/min and monitored at 280 nm. The fractions with the desired peaks were pooled and lyophilized. All lyophilized fractions were re-dissolved in distilled water to a concentration of 0.365 mg/ml for the antioxidant activity test.
RP-HPLC Analysis
Fraction F2 (see Results and Discussion) was subjected to preparative RP-HPLC on a COSMOSIL MS-II C18 column (4.6 mm × 250 mm; Agilent Technologies Co., USA). The column was eluted with a linear gradient of acetonitrile (5-50% in 20 min)
containing 0.1% TFA at a flow rate of 1.0 ml/min. The fraction exhibiting the least antioxidant activity after gel filtration chromatography was used as the control to eliminate the same eluted peaks. Eluted peaks were detected at 214 nm and then lyophilized. All lyophilized fractions were re-dissolved in distilled water at 200 µg/ml for testing the antioxidant activity.
Identification of Peptides by ESI-MS
To identify the molecular mass and amino acid sequence of the purified peptide, the sample was loaded into an Agilent 6540 UHD Q-TOF system (Agilent Technologies Co.) with an ESI source. Ionization was performed in positive mode with a capillary voltage of 3 kV and at a flow rate of 0.4 ml/min. The ESI nebulizing gas and auxiliary gas used high-purity nitrogen. Spectra were recorded over a mass/charge (m/z) range from 0 to 2,000. Data were processed using Mass Hunter (Agilent Technologies Co.) and via manual calculations.
Verification of Antioxidant Activity
The antioxidant peptide derived from S. platensis was synthesized by the solid-phase procedure by Qiang Yao Biotech Co., Ltd. (China). The purity of the synthesized peptide was verified as >95% by using analytical HPLC coupled with MALDI-TOF MS. The purified peptide, synthesized peptide, and reduced GSH were dissolved in distilled water to a concentration of 100 µg/ml for the DPPH radical scavenging test.
The superoxide anion and hydroxyl free-radical scavenging activities and SOD activity of the synthesized peptide and reduced GSH were determined according to the manufacturer's instructions using the Superoxide Anion Free Radical Detection kit, Hydroxyl Free Radical Detection kit, and Superoxide Dismutase (SOD) Detection Kit, respectively, from Jiancheng Bioengineering Institute, China.
Results and Discussion
Hydrolysis of Spirulina and Antioxidant Activity
The relatively stable DPPH radical has been widely used to test the ability of compounds to act as free-radical scavengers or hydrogen donors and thus to evaluate antioxidant activity [21] . As shown in Fig. 1 , all samples exhibited DPPH radical scavenging activity. The highest was SHP, and the higher was SH. The scavenging activity of SHP was 85.21 ± 1.59% at 10 mg/ml, which was significantly higher than that of the hydrolysates without ultrafiltration or phycocyanin without hydrolysis. These results indicate that the oxidation resistance of S. platensis can be improved by enzymolysis, and that the antioxidation was mainly derived from components with a MW < 3 kDa. This finding is in agreement with previous studies that suggested hydrolysates or peptides with lower MWs show higher free-radical scavenging activity [6, 39] .
As shown in Fig. 2 , the observed scavenging activity increased significantly as the concentration of the SHP fraction (MW < 3 kDa) increased from 0.05 to 20 mg/ml. Specifically, as the concentration increased from 0.5 to 2.5 mg/ml, the scavenging activity increased rapidly from 31 ± 0.6% to 78.80 ± 1.7%; subsequently, the activity increased more gradually, with a scavenging activity of 88.95 ± 1.3% observed when the concentration reached 20 mg/ml.
Fig. 1. DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging activity of S. platensis, S. platensis hydrolysate (SH), and S. platensis hydrolysate ultrafiltrate (SHP).
The protein concentration was 10 mg/ml for the radical scavenging test. All data represent the mean ± standard deviation.
Fig. 2. DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging (%) of S. platensis hydrolysate ultrafiltrate (SHP).
The lyophilized SHP was dissolved in distilled water to obtain protein concentrations of 0.05-20 mg/ml. All data represent the mean ± standard deviation.
Moreover, the SHP exhibited 92.25 ± 2.3% inhibition of DPPH radicals at 100 mg/ml (data not shown). These results indicate that, in comparison with larger peptides, hydrolysates with MW < 3 kDa contained more amino acid groups that could readily donate electrons to DPPH radicals.
Purification of Antioxidant Peptides
Gel filtration chromatography was further employed to fractionate the antioxidant ingredients, and the SHP was separated into four fractions (F1-F4; Fig. 3A) . Each fraction was pooled, concentrated, and freeze-dried, and the antioxidant activities were determined. As shown in Fig. 3B , fraction F2 exhibited the highest DPPH free-radical scavenging activity: 82.06 ± 2.16% at 0.365 mg/ml. Fraction F3 exhibited a similar, but lower, free-radical scavenging activity to fraction F2. These findings agreed with the ultrafiltration results, which showed that hydrolysates or peptides (obtained from S. platensis) with lower MW had higher free-radical scavenging activity. Fraction F2 was subsequently subjected to gel filtration again, and we obtained only one eluted peak, suggesting that the F2 fraction was a mixture with a similar molecular weight range (Fig. 3C) .
To purify the protein, the target fraction (F2) was further separated by RP-HPLC. As shown in Fig. 4A , fraction F2 was separated into 14 fractions (RF1-RF14). Each fraction was pooled, concentrated, and freeze-dried, and the fractions' DPPH radical scavenging activities were then measured (Fig. 4B) . A clear difference was observed between the 14 fractions; fraction RF4 had the highest activity, with a DPPH radical scavenging activity of 80.74 ± 0.40% at 200 µg/ml. Furthermore, compared with the control, the RF4 fractions in the F2 sample were the characteristic peaks. Therefore, the RF4 fractions that showed antioxidant activity were further analyzed with mass spectrometry to identify and characterize the peptide sequences.
Identification of Antioxidant Peptides
The fraction RF3-RF6 that exhibited the highest antioxidant activity was subsequently subjected to LC-MS/MS for peptide sequence identification, and its amino acid sequence was identified as Pro-Asn-Asn (343.15 Da; Fig. 5 ). To confirm this result, the peptides derived from SH were chemically synthesized using Fmoc-protected amino acid synthesis methods and further evaluated for their antioxidant activity by assessing radical scavenging activity. As shown in Fig. 6A , the purified peptide effectively quenched DPPH radicals with a scavenging rate of 80.52 ± 0.67%, which was similar to that of the synthesized peptide (81.44 ± 0.43%) and GSH (82.63 ± 0.56%). These results suggest that the purification of SH greatly increased its antioxidant activity such that its DPPH radical scavenging activity was similar to that of GSH.
Superoxide anion and hydroxyl are two of the most important free radicals [30] . Superoxide anions are produced by the addition of an electron to molecular oxygen, and are harmful reactive oxygen species as they damage cellular components in biological systems. Hydroxyl radicals can be formed from superoxide anions and hydrogen peroxide in the presence of metal ions, and they can easily react with cellular biomolecules, including amino acids, proteins, DNA, and lipids, to exert a strong cytotoxic effect. Therefore, the scavenging of superoxide anions and hydroxyl free radicals was determined in the present study. The synthesized peptide exhibited effective antioxidant activity, and the superoxide anion and hydroxyl free-radical scavenging activities were 47.84 ± 0.49% and 54.01 ± 0.82%, respectively, at 10 mg/ml (Figs. 6B and 6C ). However, GSH had higher superoxide anion and hydroxyl free-radical scavenging activities of 64.42 ± 0.70% and 92.64 ± 0.97%, respectively, at 10 mg/ml (Figs. 6B and 6C) .
Antioxidant enzymes play an important role in protecting the human body from the harmful effects of oxygen radicals [12] . Thus, to further investigate the antioxidant ability of the peptide in the present study, the SOD activity was determined. As shown in Fig. 6D , the SOD activities of the synthesized peptide and GSH were 12.55 ± 0.75% and 20.48 ± 0.68%, respectively, at 10 mg/ml.
In general, the activity of antioxidative peptides is highly influenced by their molecular mass, and peptide fractions with MW from 200 to 3,000 Da have higher antioxidant activity [18, 21, 24] . In this study, the purified antioxidative peptide contained three amino acids (343.15 Da). Previous studies have shown that peptides with lower MW are the most efficient antioxidants [18] . Peptides with lower MW are more likely to cross the intestinal barrier; in a recent study, peptides that contained 2-20 amino acid residues generally crossed the intestinal barrier more easily to exert biological effects [18] . Many previous studies suggest that antioxidant peptides from protein hydrolysates obtained from products such as walnuts [4] , eggs [22] , corn gluten meal [39] , tilapia [37] , and sheep cheese whey [7] contain 2-20 amino acid residues. The purified peptide of the present study possessed high antioxidation activity in radical scavenging, which was similar to that of GSH (307 Da). GSH is a powerful antioxidant that has been commercialized and is widely used in many fields. It plays important roles in detoxification, the immune response, and protection against reactive oxygen species [2] . The DPPH scavenging activity of the purified peptide from the present study was much higher than that of peptides identified from eggs (50%, 60 mM) [22] , Spanish dry-cured ham (50%, 1.5 mg/ml) [9] , and corn gluten meal (72.84%, 0.5 mg/ml) [39] , and was similar to that of a peptide from the enzymatic hydrolysates of duck meat [34] .
It is well known that the amino acid composition and sequence are important factors in the activity of bioactive peptides [9, 20] . In this study, the sequence of the antioxidant peptide was identified as Pro-Asn-Asn. Some studies have shown that hydrophobic amino acid residues, such as Pro, His, Met, Cys, Tyr, Trp, Phe, and Met, may enhance the activity of antioxidant peptides [3, 8, 13] . In All data represent the mean ± standard deviation. particular, it is generally accepted that Pro is especially important to the radical scavenging activity of peptides because of its unique structure [18] . In addition, Asn also appears to play a vital role in such peptides' antioxidant activity [10] . Several studies have previously reported Asn as a constituent of antioxidant peptides, for example in Asn-Tyr-Asp-Glu-Tyr [10] , Arg-Gln-Ser-His-Phe-Ala-AsnAla-Gln-Pro [18] , Asn-Arg-Tyr-His-Glu [19] , and Asn-GlyLeu-Glu-Gly-Leu-Lys [25] . The purified peptide Pro-AsnAsn has several active groups, including amino, carboxyl, and hydroxyl groups. Further investigation is required to analyze and confirm the antioxidant mechanisms of ProAsn-Asn, but the findings of this study provide a solid foundation for future research.
In conclusion, to the best of our knowledge, this paper is the first to report the antioxidant activity of peptides derived from S. platensis hydrolysates. A novel antioxidant peptide, Pro-Asn-Asn (343.15 Da), was purified and identified by using ultrafiltration, gel filtration chromatography, and RP-HPLC-ESI-MS/MS. Furthermore, the peptide was synthesized to confirm its identity and ascertain its properties. The DPPH radical scavenging activity of the purified peptide (which reached 81.44 ± 0.43% at a concentration of 100 µg/ml) was similar to that of GSH, and the synthesized peptide exhibited good antioxidant ability as indicated by its superoxide anion and hydroxyl free-radical scavenging activities and SOD activity. Our findings suggest that S. platensis is a good source for the preparation of antioxidant peptides, and that hydrolysates from S. platensis could have important applications in the pharmaceutical and food industries.
